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Abstract—In a reverberation chamber, the stirring efficiency of
the source stir technique is very high. However, to apply the source
stir, the configuration (position, orientation, or polarization) of the
transmitting (Tx) antenna has to be changed every time in the stir-
ring process. To solve this problem, we use a three-dimensional
printed robotic arm to control the position and orientation of the
Tx antenna; thus, the source stirring process can be performed au-
tomatically. The measurement results are validated and compared
with that from mechanical stirrers. Figures of merit such as au-
tocorrelation, average K-factor, and total scattering cross-section
are presented. The statistical distribution is also verified by using
Kolmogorov–Smirnov test. Results show that the source stir tech-
nique outperforms the mechanical stirring technique significantly.
Index Terms—Electromagnetic compatibility, random media,
reverberation chamber.
I. INTRODUCTION
AREVERBERATION chamber (RC) has been widely usedin the area of electromagnetic compatibility (EMC)
[1]–[3] and over-the-air (OTA) test [4]–[9]. In an RC, random
electromagnetic (EM) fields can be generated by many stirring
techniques, such as mechanical stir, frequency stir, and source
stir.
From a theoretical perspective, to stir the EM field inside
a cavity with a high-quality (Q) factor, we need to change the
boundary configurations or change the source distribution inside
it (E =
∫∫∫
GJds′, change the dyadic Green’s function G or
the source distribution J). The source stir technique has been
proposed and investigated in [10]–[23]. If the source is used as a
stationary coordinate system, source stir is actually stirring the
whole RC [24]. Thus, the source stir technique can have a very
high stirring efficiency, which has been experimentally proven
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Fig. 1. Measurement setup in an RC. (a) Robotic arm. (b) Measurement
scenario in an RC. Dimensions of the RC are 1.2 m × 1.2 m × 0.8 m.
in [24]. Another advantage is that the source stir technique does
not require large stirrers which occupy large volumes in an RC
(the RC itself is a stirrer if the source is used as the stationary
coordinate system), and the available test area could be increased
significantly.
However, in the previous work, the source is moved manually
[24] or switched in sequence [13], very limited antenna positions
can be obtained. In this paper, we use a robotic arm to control the
position and orientation of a transmitting (Tx) antenna inside an
RC which is easy to generate a large number of samples. Results
are validated and compared with mechanical stirrers.
The system configurations are given in Section II, measure-
ment results are detailed in Section III where the figures of merit
such as autocorrelation, average K-factor, and total scattering
cross-section are calculated and compared with conventional
mechanical stirrers. Section IV summarizes the conclusion.
II. MEASUREMENT SETUP
The system setup is illustrated in Fig. 1. The lowest usable
frequency (LUF) of the RC is about 1 GHz [25]. A robotic arm in
Fig. 1(a) is manufactured by applying 3-D printing technology
(using polylactic acid), which has 5 degrees of freedom (DoF):
θi , i = 1 . . . 5. An antenna (Ant 2) is fixed at the end of the
robotic arm that can be moved with 5 DoF in space (in a volume
of 45 cm × 45 cm × 50 cm). Ant 1 and Ant 2 are wideband
dipole antennas which are the same as that used in [26]; they are
connected to a vector network analyzer (VNA) through the bulk-
heads on the wall of the RC. A computer controls the movement
of the robotic arm and the trigger of the VNA. For each position
of Ant 2, the computer records the measured S-parameters. The
measurement flowchart is shown in Fig. 2.
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Fig. 2. Flowchart of the measurement.
Fig. 3. Measured S-parameters. (a) S-parameters at different frequencies.
(b)–(e) Measured S21 for different antenna positions (Ant 2).
In the measurement, considering the rotation angles of the
5 DoF, we use four samples for θ1 , three samples for θ2 , four
samples for θ3 , three samples for θ4 , and two samples for θ5 ,
respectively. This makes 4 × 3 × 4 × 3 × 2 = 288 positions in
total. For each position of Ant 2, 56 001 samples of S-parameters
are measured in the frequency range of 400 MHz to 6 GHz.
III. MEASUREMENT RESULTS
The measured S-parameters are presented in Fig. 3 for dif-
ferent frequencies and antenna positions. Ant 1 and Ant 2
are the same type, thus 〈S11〉 and 〈S22〉 are very similar in
Fig. 3(a). 〈·〉 means the average over all stirrer/source positions.
The measured S21 for different antenna positions are illustrated
in Fig. 3(b)–(e). It can be observed that when the frequency
is 400 MHz (much lower than the LUF), S21 is less sensitive
to the source positions and shows a quasi-periodical behavior.
Fig. 4. Normalized autocorrelation for different frequencies: (a) 400 MHz,
(b) 1 GHz, (c) 2 GHz, and (d) 4 GHz, (e) averaged K-factors (〈K 〉f ),
(f) independent sample numbers; H and V means the H-stirrer and V-stirrer
are rotated simultaneously.
When the frequency increases, significant randomness can be
observed.
To characterize the performance of the source stir technique,
we compare the figures of merit such as autocorrelation [1],
[27]–[30], K-factor, [27], [31], [32] and total scattering cross-
section (TSCS) [24], [33]–[36] for the source stir and the con-
ventional mechanical stirrers. The setup for the conventional
mechanical stirrers has been given in [26], where two stirrers
were used: the horizontal stirrer (H) and the vertical stirrer (V).
360 stirrer positions with 1°/step were used for H or/and V
stirrers. The normalized autocorrelations (Rnorm) are shown in
Fig. 4(a)–(d). The unit of the x-axis for the source stir autocor-
relation is no longer degree but position no. As can be seen,
at 400 MHz, the correlation is high for closed positions. When
the frequency increases, the angular correlation of the source
stir gives smaller correlations and outperforms H and/or V
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Fig. 5. (a) Measured chamber decay time. (b) Measured scattering damping
time. (c) Measured equivalent TSCS. (d) Measured TSCS of the robotic arm
when the source stir antenna is not excited.
stirrers. This can also be observed from the K-factors averaged
ove frequency (〈K〉f ) in Fig. 4(e). Since the average autocor-
relation and the K-factor are equivalent [26], Fig. 4(e) shows
consistent results with Fig. 4(a)–(d) where the source stir sce-
nario has the smallest average K-factor. The independent sample
numbers [1] are also calculated and presented in Fig. 4(f), the
stepped lines are caused by the finite angular resolution (or po-
sition no.) used in the measurements. As shown in Fig. 4(f), the
source stir technique gives the highest values.
Besides the autocorrelation and K-factors, TSCS is a better
quantity to quantify the stirring efficiency, because the loss in
the RC can affect the K-factors [5] but not TSCS. The TSCS
can be obtained from [27], we have






TSCS = V/ (c0τs) (2)
where τs is the scattering damping time, 〈K〉f is the averaged
K-factor over the frequency, τRC is the chamber decay time,
c0 = 3 × 108 m/s is the speed of light in free space, and V is
the volume of the RC.
The chamber decay time (τRC) can be extracted by apply-
ing the inverse Fourier transform (IFT) of the measured S-
parameters [25], [37]. The extracted values are given in Fig. 5(a)
for the source stir and the mechanical stir scenarios. It is inter-
esting to note that τRC for the source stir is slightly smaller than
that for the mechanical stir. This could be due to the loss of
the material (polylactic acid) [38], the driving motors and the
printed circuit board of the motor controller. By applying (1)
and (2), τs and the TSCS can be obtained and are illustrated
in Fig. 5(b) and Fig. 5(c), respectively. Because the mechanical
stirrer has a limit for the TSCS [33], but the source stir does not
have (if the source can be moved freely in an RC). Not surpris-
ingly, the source stir technique gives a higher equivalent TSCS
and a higher stirring efficiency is achieved.
Fig. 6. Decision of the KS test: (a) source stir, (b) mechanical stir, both
H- and V-stirrers are used, (c) CDFs of the normalized |S21 | at 1 GHz, the CDF
of the theoretical Rayleigh distribution is also plotted.
Since the robotic arm is moved, the mechanical structure
can also stir the fields inside the RC. To identify the TSCS
contributed by the mechanical structure of the robotic arm (in-
cluding the antenna), we use the robotic arm (with the antenna
loaded with 50 Ω) as a conventional mechanical stirrer and re-
peat the TSCS measurement. The measured TSCS is illustrated
in Fig. 5(d), as can be seen, the values are very small and the
source stirred TSCS is dominated by the source but not by the
moving of the robotic arm.
To validate the statistical distribution of the frequency domain
response, the cumulative distribution functions of the measured
|S21 | are checked by using the Kolmogorov–Smirnov (KS) test.
A total of 288 samples at each frequency are used in the KS test;
the results are given in Fig. 6 where H = 0 means the KS test
fails to reject the hypothesis at 5% significance level, H = 1
means reject the hypothetical distribution. It can be found that
the rejection rate of the source stir scenario (Fig. 6a) is lower
than that of the mechanical stirrers (Fig. 6b). The statistical
distribution of the measured |S21 | is Rayleigh as expected for
the frequencies above the LUF. The CDFs of the normalized
|S21 | (normalize to the mean value) at 1 GHz for the source
stir and the mechanical stir scenarios are illustrated in Fig. 6(c),
where the CDF from the source stir is closer to the theoretical
curve than that from the mechanical stirrers.
IV. CONCLUSION
A 3-D printed robotic arm has been used to realize a source
stirred RC which can generate a large amount of samples effi-
ciently. The source stirring efficiency has been characterized by
using the autocorrelation, the average K-factor, and the TSCS.
The statistical distribution of the RC response has also been ver-
ified by using the KS test. Measurement results have shown that
the source stir technique outperforms the conventional mechan-
ical stir technique. In the meanwhile, the stirring volume (the
volume occupied by the moving robotic arm and the antenna)
for the source stir is 45 cm × 45 cm × 50 cm while the mechan-
ical stirrers have stirring volumes of about 45 cm × 45 cm ×
100 cm for the V-stirrer and 25 cm × 25 cm × 50 cm for the H-
stirrer, respectively. It can be found that the source stir technique
has a much smaller stirring volume. If the source stir antenna
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is mounted on the roof of the RC, it could lead an RC with no
stirrers, reduce the LUF, and increase the testing volume.
It is interesting to note that when calculating the autocorrela-
tion for the source stirred RC, quasi-periodical high correlations
are observed at low frequencies. This is because the antenna is
moved to a closed position when a “for loop” for one angle
variable is completed. Actually, the sequence of the results can
affect the autocorrelation but not the average K-factor, the TSCS
and the hypothesis test. Another thing to note is that when ap-
plying the source stir, the performance of the cable should not
be sensitive to the position of the antenna. This may not be
a problem for EMC applications, but if the antenna efficiency
is of interest, the movement of the cable may introduce extra
uncertainties at high frequencies.
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